Gaucher disease is caused by mutations of the GBA1 gene, which encodes the lysosomal anchored gluococerebrosidase (GCase). GBA1 mutations commonly result in protein misfolding, abnormal chaperone recognition, and premature degradation, but are less likely to affect catalytic activity. In the present study, we demonstrate that the Hsp90/HOP/Cdc37 complex recruits Hsp27 after recognition of GCase mutants with subsequent targeting of GCase mutant peptides to degradation mechanisms such as VCP and the 26S proteasome. Inhibition of Hsp27 not only increased the quantity of enzyme but also enhanced GCase activity in fibroblasts derived from patients with Gaucher disease. These findings provide insight into a possible therapeutic strategy for protein misfolding diseases by correcting chaperone binding and altering subsequent downstream patterns of protein degradation.
Gaucher disease | heat shock protein | hsp27 | hsp90 | molecular chaperone G aucher disease (GD) is an autosomal recessive disorder caused by mutations in the GBA1 gene encoding the lysosomal enzyme, glucocerebrosidase (GCase). Genetic alterations in GBA1 lead to quantitative losses of GCase and accumulation of toxic amounts of glucocerebroside. As a consequence, patients suffer widespread organ and metabolic dysfunction. Among the 360 mutations that have been identified in GD, the majority of nucleotide changes are missense mutations, in which a single amino acid is substituted by another (1, 2) . However, instead of catastrophic loss of intrinsic enzymatic catalytic function, most GBA1 mutations lead to changes in the natural conformation of the peptide during protein folding, followed by retention within the endoplasmic reticulum (ER) (3) (4) (5) (6) . Subsequently, the unnatural peptide conformation affects chaperone recognition, which then stimulates premature protein degradation via mechanisms, involving c-cbl associated proteasomal complexes and the E3 ligases Parkin and Itch (4, 7, 8) . Identifying key chaperone proteins that determine GCase proteostasis is a plausible approach for developing targeted therapies in GD especially in cases of disease manifestations in the central nervous system where standard enzyme replacement treatment is ineffective.
Heat shock protein 27 (Hsp27, also known as heat shock protein beta-1, HSPB1) is a chaperone protein of the small heat shock protein group that also includes ubiquitin, α-crystallin, and Hsp20 among others. In addition to its chaperone activities, Hsp27 is involved in thermotolerance, inhibition of apoptosis, and regulation of cell development and differentiation (9) . Hsp27 acts as an ATP-independent chaperone by inhibiting protein aggregation and stabilizing partially denatured proteins ensuring proper refolding by the Hsp70 complex. In addition, Hsp27 may be a key player in proteasomal activation. For example, Hsp27 is integral to degradation of phosphorylated I-κBα in the proteasome (10) . In addition, Hsp27 has been shown to interact with p27 Kip1 and to guide its degradation (11) . These findings imply that Hsp27 plays a significant role in the proteasomal degradation of misfolded proteins in mammalian cells.
We explored potential binding partners to mutant GCases using an unbiased mass spectrometric approach (20535800). We found that Hsp27 was a previously unidentified binding partner that specifically recognized two common mutations for type I (N370S/N370S) and type II/III (L444P/L444P) GD, but not its wild-type counterpart. When presented with the mutant GCase, the Hsp90 complex recruited Hsp27 before induction of the VCP/proteasomal degradation pathway. Targeting Hsp27 not only rescued quantitative enzymatic levels but also increased the catalytic activity of GCase in patient derived fibroblasts. These findings suggest that Hsp27 may be a useful target for the treatment of GD.
Results
Identification of Hsp27 That Specifically Recognizes Mutant GCase. To identify key proteins that recognize mutant GCase, we used immunoprecipitation combined with an unbiased mass spectrometry technique (12) . HeLa cells were transfected with wildtype GCase or with mutant N370S GCase. Protein was extracted from the cells and coprecipitated with Dynabead protein G and antibody against DDK epitope-tag (4C5). The precipitated protein was resolved on Bis-Tris gel. Proteins that specifically recognized N370S GCase were harvested and analyzed by mass spectrometry (Fig. 1A) . In three independent experiments, we identified a peptide sequence that covered 20% of the Hsp27 sequence, suggesting that Hsp27 was interacting with the N370S GCase mutant. The Hsp27 band was less abundant in the wild-type
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GCase group, suggesting Hsp27 selectivity for the N370S GCase mutant over the wild type.
To confirm the interaction between Hsp27 and GCase mutants, we investigated the binding partner of GCase through further immunoprecipitation (Fig. 1B) . We found that Hsp27 preferentially recognized two common mutant forms of GCase, type I (N370S/N370S) and type II/III (L444P/L444P). In the same assay we found that Hsp90 exhibited higher affinity for GCase mutants, which was consistent with our previous finding that Hsp90 is an important chaperone protein for the degradation of mutant GCase (13) . In addition, through reversed immunoprecipitation assay, we found that Hsp27 was more likely to interact with N370S or L444P GCase mutants compared with the wild-type enzyme (Fig. 1C) . We observed increased affinity between Hsp27 and Hsp90 in the presence of GCase mutants, suggesting that these two chaperones may participate in the same functional complex.
We confirmed the specificity of Hsp27 for the mutant GCase by immunofluorescent staining (Fig. 1C) . Hsp27 showed punctuated distribution in the cytoplasm of fibroblasts from type I (GM00372) and type II (GM00877) GD patients. Fibroblasts from a normal donor were used as control. Hsp27 was more likely to colocalize with GCase in patient-derived fibroblasts versus cells with normal GBA1, confirming our finding that Hsp27 specifically recognized the mutant form of GCase.
Hsp27 Is Involved in the Hsp90 Chaperone Complex. The folding and maturation of GCase requires the participation of molecular chaperone/cochaperones. The composition of the chaperone complex may in turn dictate the biologic outcome of successfully folded versus misfolded GCase after posttranslational modification. For example, our previous report showed that TCP1/Hsp70 chaperones were important for the proper folding of GCase (4). In contrast, we have demonstrated that the Hsp90/HOP/Cdc37 complex was integral for proteasomal degradation of unfolded or improperly folded GCase (14) . A recent discovery showed that endoplasmic reticulum (ER)-associated Hsp40/ERdj3 was related to GCase degradation and simultaneously enhanced calnexinassociated folding (15) . In the present study, the discovery that Hsp27 specifically recognized mutant GCase indicates that Hsp27 is part of the posttranslational complex that determines the destiny of mutant GCase. By using immunoprecipitation assays, we found that Hsp27 physically interacts with the Hsp90/HOP/Cdc37 chaperone complex ( Fig. 2A) . The affinity of Hsp27 for this chaperone complex depended on Hsp90 chaperone function, because the integration of Hsp27 to the complex was compromised with nonfunctional acetylation mimic mutations (K286Q and K286A) in Hsp90. In contrast, the wild-type or deacetylation mimic Hsp90 mutation (K286R) exhibited similar affinities for Hsp27. The importance of Hsp90 chaperone function in recruiting Hsp27 was further confirmed by pharmacologic inhibition of Hsp90 function with 17-AAG, a derivative of the antibiotic geldanamycin that has been previously studied as an Hsp90 inhibitor in certain tumors (16) (17) (18) . We found that recognition of GCase mutants by Hsp90/HOP/ Cdc37 as well as by Hsp27 were abolished with administration of 17-AAG (Fig. 2B ). In addition, we found that Hsp90 recognition of GCase mutants occurs before Hsp27 recruitment, because the genetic silencing of Hsp27 did not alter the affinity of Hsp90 for N370S or L444P GCase mutants (Fig. 2C ). Hsp90 recruited wildtype Hsp27, phosphorylation mimic, and dephosphorylation mimic mutants with similar efficiencies, suggesting Hsp27 was recruited by Hsp90 regardless of Hsp27 chaperone function (Fig. 2D ). mutant proteins for degradation are unclear. Considering the role of Hsp27 in protein ubiquitination as well as proteasomal degradation, the involvement of Hsp27 in the Hsp90/HOP/Cdc37 complex implied that Hsp27 was functionally related to the degradation of GCase mutants. To confirm this, we first measured Hsp27 recruitment by the Hsp90 complex in the presence of GCase mutants. We found that Hsp27 was more likely to bind with the Hsp90 complex in the presence of GCase mutants N370S or L444P than wild-type GCase (Fig. 3A) , suggesting that Hsp27 was actively involved in a Hsp90 complex specific for mutant GCase. We confirmed this with a pull down assay showing that Hsp27 and the Hsp90/HOP/Cdc37 complex were both associated with N370S or L444P GCase mutants (Fig. 3B) . The fact that Hsp27 recruitment was significantly diminished in nonfunctional Hsp90 mutants confirmed that proper Hsp90 biologic function was integral to recognition and degradation of mutant GCase. GCase mutants are heavily ubiquitinated and degraded (7, 19) , a process that depends upon involvement of the Hsp90 complex (13) . The mutant-specific recruitment of Hsp27 to the Hsp90 chaperone complex suggested that Hsp27 was related to the ubiquitination and degradation of mutant GCase. Using an immunoprecipitation assay, we showed that N370S or L444P GCase mutants were ubiquitinated suggesting there was rapid turnover of the mutant protein (Fig. 3C) . Overexpression of wild-type Hsp27 or of the dephosphorylation mimic mutant (Hsp27 3A) slightly increased GCase ubiquitination. In contrast, decreased protein ubiquitination was seen in the same assay in the presence of the nonfunctional Hsp27 phosphorylation mimic mutant (Hsp27 3D). Hsp27-mediated GCase ubiquitination also depended on Hsp90 chaperone function because the dominant negative variant of Hsp90 showed less efficiency in Hsp27 recruitment and GCase ubiquitination (Fig. 3D) . These findings suggested that recognition by Hsp90 was required for Hsp27-associated protein ubiquitination.
Hsp27 Targets GCase Mutants to VCP/Proteasomal Degradation
Complex. We further examined the role of Hsp27 in targeting GCase mutants for degradation by investigating Hsp27 involvement in degradation mechanisms. We found that GCase mutants were more likely to be associated with VCP and the 26S proteasomal complex via the regulatory subunit, 19S (Fig. 4A) . The increase in VCP/19S recognition was consistent with our previous finding that VCP and the 26S proteasome were required to degrade GCase mutants (14) . In addition, in the present study we found that Hsp27 was more likely to bind with VCP and 19S in the presence of N370S and L444P mutants, suggesting Hsp27 was involved in VCP/26S-dependent GCase recognition (Fig. 4B) . We investigated GCase ubiquitination and VCP/19S recognition in the presence of small interference RNA targeting Hsp27. We found that protein ubiquitination was reduced in both N370S and L444P GCase mutants when Hsp27 was depleted through siRNA transfection (Fig. 4C) . Similarly, the recruitment of VCP and 19S to GCase mutants was abolished after siRNA knockdown of Hsp90, suggesting that Hsp90 recognition was required for Hsp27/VCP/19S association with GCase mutants (Fig. 4D) .
Targeting Hsp27 Benefits GCase Quantity and Catalytic Activity.
Targeting molecular chaperones has been shown to be effective in rescuing mutant enzymes from degradation, resulting in increased catalytic activity (3, 20) . Our data demonstrating the important role of Hsp27 in GCase mutant degradation suggest targeting Hsp27 may be a valuable strategy to rescue GCase activity in GD patients. To test the therapeutic value of targeting Hsp27, we depleted Hsp27 expression in fibroblasts derived from type I (GM00372 and GM00852) and type II/III (GM00877, GM08760 and HS1053) GD patients with siRNA. After two days, the quantity of GCase was measured by Western blot (Fig. 5A and Fig. S1 ). We found that after Hsp27 siRNA treatment, there was a significant increase (approximately threefold) of GCase levels from initial nondetectable amounts. This rescue of GCase function was confirmed in a fluorometric GCase assay, showing remarkably increased GCase activity upon treatment with Hsp27 siRNA (Fig. 5B) .
We further confirmed that the rescue of GCase quantity and enzymatic activity was through reduction of protein degradation. By using a CHX assay, we found that the efficiency of GCase mutant degradation was significantly reduced after depletion of Hsp27 with siRNA treatment (Fig. 5C) . We quantified the degradation dynamic of GCase mutants and showed that protein halflives increased from 5.76 h to 15.40 h and 0.94 h to 5.35 h for N370S and L444P GCase mutants, respectively (Fig. 5D) . 
Discussion
A combination of immunoprecipitation assays and unbiased mass spectrometry led to the identification and characterization of Hsp27, a previously unknown chaperone partner in GCase folding and degradation. N370S and L444P GCase mutants were less likely to accomplish correct folding and packaging than normal GCase, and instead, initiated a process characterized by premature degradation. We found that GCase mutants were initially identified by the Hsp90/HOP/Cdc37 chaperone complex. After failure of the mutant proteins to properly fold, this complex recruited Hsp27 and subsequently targeted mutant GCase for ubiquitination and VCP/26S-associated proteasomal degradation. Inhibition of Hsp90 or Hsp27 increased GCase activity in fibroblasts derived from GD patients, suggesting molecular chaperones may be a suitable target for diseases related to protein misfolding.
Protein Misfolding and Human Diseases. Mutations in human genes are related to a variety of diseases and disorders. Missense mutations, in which one amino acid is substituted for another, characterize the genetic changes behind many diseases. However, most amino acid changes reside distally from the functional domains of the affected protein, and it is unclear how mutations in nonfunctional areas eventually result in the protein dysfunction. Our group among others has studied the significance of protein misfolding as a signal for premature protein degradation. For example, mutations in the SDHB gene are related to the quantitative loss of succinate dehydrogenase in complex II, and therefore, lead to manifestations of human neuroendocrine tumors like paraganglioma or pheochromocytoma (21) . Amino acid changes in merlin protein result in quantitative loss of this tumor suppressor, which is related to the onset of neurofibromatosis type II (22) . Similarly, the N370S or L444P missense mutation in GCase results in ubiquitination of GCase mutants and quantitative loss of the protein (4). Correction of protein misfolding and degradation may be of significant therapeutic value for these types of genetic abnormalities.
Targeting Chaperones as a Therapy for Protein Misfolding Disorders.
In the present study, we used GD as a disease model to investigate the mechanisms of premature degradation of misfolded proteins. Our previous study showed that cotranslational chaperone recognition is important in determining the biological outcome of GCase (3, 13) . The composition of the chaperone complex subsequently dictates correct folding or, conversely, degradation of GCase. For example, Hsp70 and the TRiC/CCT complex are important for the correct folding and maturation of GCase from nascent peptides. When confronting a diseaserelated mutation such as N370S or L444P in GCase, the nascent peptides are more likely to be recognized by the Hsp90/HOP/ Cdc37 chaperone complex. Subsequently, the GCase mutants are restricted to the ER compartment and are removed through ER-associated degradation (23, 24) . Taken together, targeting members of the chaperone complex may be a reasonable approach for preventing premature protein degradation and restoring enzymatic activity to therapeutic levels. In the present study, we took advantage of an unbiased mass spectrometric approach and identified Hsp27 as an important participant in the posttranslational modifications of GCase mutants (Fig. 1) , which implied a valuable therapeutic target in treating inherited diseases.
Hsp27 Is Recruited and Governed by Hsp90 Complex. In the present study, we found that recruitment of Hsp27 resulted from recognition of GCase mutants by the Hsp90 complex, a process integral to shifting nascent GCase peptides from folding to degradation. Notably, the Hsp90 complex is a cytoplasmic complex and as such, degradation of mutant GCases by the Hsp90 complex, including Hsp27, occurs in the cytoplasm. The association of Hsp27 with GCase mutants depended on the integrity of Hsp90 chaperone function because inhibition with 17-AAG or nonfunctional mutants of Hsp90 abolished the ability of Hsp27 to recognize GCase ( Fig. 2  A and B) . On the other hand, although blockage of Hsp27 reduced protein ubiquitination and degradation (Fig. 3C) , it did not affect Hsp90 recognition of the mutant protein ( Fig. 2 C and D) .
Hsp27 Is Important for GCase Degradation. Our previous study suggested that the association of the Hsp90/HOP/Cdc37 complex with mutant GCase is a hallmark for GCase degradation. However, it remains unclear how an omnipotent chaperone complex such as Hsp90 is able to specifically differentiate GCase mutants from their wild-type counterparts and subsequently target them for degradation. Our discovery of Hsp27 as a GCase mutant-specific binding partner to the Hsp90 complex bridges this gap in understanding of selective protein degradation by an ubiquitous chaperone complex. Blocking Hsp27 function with the phosphorylation mimic mutant or siRNA reduced the activity of degradation machinery like VCP and 26S, and hence diminished protein ubiquitination and degradation (Fig. 4) .
Summary
Our present study demonstrated that Hsp27 plays a significant role in the degradation of GCase mutants. Hsp27 was recruited by the Hsp90/HOP/Cdc37 complex when confronted with two common GCase mutants, N370S or L444P. The involvement of Hsp27 was critical for mutant GCase protein elimination via VCP/26S degradation (Fig. 6) . Targeting Hsp27 represents a valuable therapeutic approach in GD as this degradation process is unique to GCase mutants. As we have shown, ablation of Hsp27 not only increases protein levels of GCase but also promotes the enzymatic activity in cells derived from GD patients. As such, small molecular compounds that target Hsp27 warrant further study for the treatment of patients with GD.
Materials and Methods
Cell Culture. Fibroblasts from patients with GD were cultured as described (14) . Cells from patients with type I GD (GM00372 and GM00852) and those with type II GD (GM00877 and GM08760) were purchased from Coriell Institute for Medical Research. HS1053 fibroblasts from a type II GD patient were kindly provided by Dr. Seymour Packman (University of California, San Francisco). HeLa cells were obtained from American Type Culture Collection (ATCC). Cells were maintained in Eagle's minimum essential medium supplemented with 10% FBS (Invitrogen).
DNA Cloning and Site-Directed Mutagenesis. WT, N370S and L444P GBA1 recombinants were prepared as described (3). Human HSPB1 gene was incorporated into the pCMV6-entry vector and pCMV6-AC-His vector (Origene). Mutagenesis of S15A, S78A, S82A, S15D, S78D, and S82D in Hsp27 was designed as reported (25) . Mutagenesis was performed using the QuikChange Lightning Site-Directed Mutagenesis kit (Agilent). WT and K286 mutant HSP90AB1 gene was described (13) . HSP90AB1 gene was shuttled to pCMV6-AC-HA vector (Origene) using the MluI/AsisI restriction enzyme and T4 ligation kit (New England Biolabs). The nucleotide sequences of constructed plasmids were verified by analyzing the entire coding regions by Sanger's sequencing. HeLa cells were transfected with plamids, using Lipofectamine 2000 (Invitrogen), 48 h before consequence assays.
Immunoprecipitation. Cells were collected by trypsin digestion and centrifuged at 200 × g for 10 min. Cells were washed three times in PBS and lysed in Nonidet P-40 lysis buffer supplemented with Halt proteasome inhibitor (Thermo Scientific). For testing protein ubiquitination, cells were treated with 20 μM MG-132 (Sigma) overnight and extracted for protein using RIPA lysis buffer supplemented with 1% SDS and Halt proteasome inhibitor. Total cell lysate was precipitated using the DynaBeads Protein G Immunoprecipitation kit (Invitrogen) and antibodies against Flag-tag, HA-tag or His-tag (Origene). Precipitated protein was eluted and resolved through Western blot analysis.
Western Blot Analysis. Protein lysate was centrifuged and quantified using a Bio-Rad Protein Assay kit. Protein samples were resolved on a NuPAGE 4-12% Bis-Tris (vol/vol) gel (Invitrogen) and transferred to PVDF membranes (Millipore). The membranes were probed with primary antibodies and detected through an HRP-conjugated species-specific secondary antibody and enhanced chemiluminescence kit (Pierce). The intensity of the image was determined by densitometric analysis using ImageJ software. Primary Assay of GCase Activity. The fluorometric GCase enzyme activity assay was performed as described (13) .
RNA Interference. RNA interference was performed as described (26) . One hundred picomolar of siRNA oligo was transfected into HeLa cells or patientderived fibroblasts using Lipofectamine RNAiMAX transfection reagent (Invitrogen). The expressions of targeted genes were analyzed by quantitative PCR (Figs. S2 and S3). A prevalidated siRNA targeting HSP90AB1 was used in the present study (119760, Invitrogen). The siRNA oligos targeting Hsp27 are shown in the supplementary information (Table S1 ). An AllStar Negative Control siRNA was used as a control (Qiagen).
Cycloheximide Pulse Chase Assay. HeLa cells were transfected with expression vectors 2 d before protein stability measurement. Cells were exposed to cycloheximide (CHX) (50 μg/mL) for the period as indicated. Total protein was extracted with RIPA lysis buffer supplemented with protease inhibitors, and GCase residues were examined through Western blot and Flag-tag immunoblot.
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